Mercury is a non-essential element that exhibits a high degree of toxicity to humans and animals. Exposure to mercury has been associated with a significant number of adverse health effects including: cardiovascular disease, anemia, developmental abnormalities, neurobehavioral disorders, kidney and liver damage, and cancer in some cases. In several studies, the toxicity of mercury has been attributed to its high affinity to protein-containing sulfhydryl groups. However, little is known regarding the molecular mechanisms by which mercury exerts its toxicity, mutagenesis, and carcinogenesis. This research was therefore designed to assess the cellular and molecular responses of human liver carcinoma cells following exposure to mercury. Cytotoxicity was evaluated using the MTT-assay for cell viability, while the gene profile assay was performed to measure the transcriptional activation of stress genes in thirteen different recombinant cell lines generated from HepG 2 cells. Cytotoxicity experiment yielded a LD 50 value of 3.5 ± 0.6 µg/mL upon 48 hours of exposure, indicating that mercury is highly toxic. A dose response relationship was recorded with respect to both cytotoxicity and gene induction. Overall, nine out of the thirteen recombinant cell lines tested showed inductions to statistically significant levels (p<0.05). At 2.5 µg/mL of mercury, the average fold inductions were 5.2 ± 0.9, 21.4 ± 3.9, 7.0 ± 6.2, 6.8 ± 1.1, 2.7 ± 1.0, 4.5 ± 2.0, 7.5 ± 6.0, 2.2 ± 0.7, and 2.5 ± 0.3, for GSTYa, HMTIIA, c-fos, HSP70, CRE, p53RE, GADD153, GADD45, and GRP78, respectively. These results indicate the potential of mercury to undergo Phase II biotransformation in the liver (GSTYa), and to cause protein damage (HMTIIA, HSP70, and GRP78), cell proliferation (c-fos), metabolic perturbation (CRE), growth arrest and DNA Int. J. Mol. Sci. 2002, 3 966 damage (GADD153, GADD45), and apoptosis (p53RE). No significant inductions (p> 0.05) were observed for CYP1A1, XRE, NFkBRE, and RARE.
Introduction
Mercury is a toxic heavy metal that is of significant concern as an environmental pollutant [1] . It is a natural constituent of the earth's crust. Human activities have drastically altered the biogeo/chemical cycle and balance of mercury [2] . Mercury is a stable and persistent environmental contaminant since it cannot be degraded or destroyed. Therefore, it tends to accumulate in the soils and sediments. Excessive levels of mercury in the marine environment can affect marine biota and pose risk to human consumers of seafood. Hence, mercury compounds found in the marine environment pose risks to human health through the consumption of contaminated seafood.
Mercury and its compounds both inorganic and organic are released to the environment as a result of a variety of human activities [3] . Many metals are essential to life and only become toxic when exposures to biota become excessive (i.e. exceed some threshold for the induction of adverse effects).
While certain non-essential metals do not have explicit exposure thresholds for the induction of adverse effects, the biological responses to mercury exposure are a direct consequence of exposure and are defined through a dose-effect relationship, where the risk of adverse effects is assumed to be proportional to the exposure. Accordingly, it is desirable to minimize such exposures to levels that do not cause adverse effects [4] .
The main anthropogenic sources of mercury are various industrial point sources, including present and former mining activities, foundries and smelters, and diffuse sources such as combustion byproducts, constituents of products (i.e., agriculture, medicine, burning of fossil fuels, coals, etc.).
Mercury is a relatively volatile heavy metal and can become attached to airborne particles and widely dispersed on a large scale. Mercury cycles in the environment as a result natural and human (anthropogenic) activities. The amount of mercury mobilized and released into the biosphere has increased since the beginning of the industrial age. Most of the mercury in the atmosphere is elemental mercury vapor, which circulates in the atmosphere for up to a year, and hence can be widely dispersed and transported thousands of miles from likely sources of emissions. Most of the mercury in water, soil, sediments, or plants and animals is in the form of inorganic mercury salts and organic forms of mercury (e.g., methyl mercury). The inorganic form of mercury, when either bound to airborne particles or in a gaseous form, is readily removed from the atmosphere by precipitation and/or dry deposition. Wet deposition is the primary mechanism for transporting mercury from the atmosphere to surface waters and land. Even after it deposits, mercury commonly is emitted back to the atmosphere either as a gas or associated with particles to be redeposited elsewhere. As it cycles between the atmosphere, the land, and water, mercury undergoes a series of complex chemical and physical transformations, many of which are not completely understood [5] .
The mercury cycle in the environment is further complicated by the fact that in the environment there is a constant inter-conversion between various forms of mercury through oxidation and reduction reactions [6] . Unlike most pollutants whose movement is limited to erosion or leaching pathways, elemental mercury is readily transported into the atmosphere, and has an atmospheric half-life of approximately one year. Elemental mercury is eventually removed from the atmosphere by oxidation to a water-soluble species and by dry deposition. Although large-scale releases of mercury have been controlled in the United States, atmospheric transport implicates smaller sources (combustion of coal, municipal solid waste and sewage sludge) as the cause of widespread elevations of mercury concentrations in remote ecosystems [7] .
There are many processes and symptoms of mercury toxicity. Poisoning can come from four categories of mercury; metallic or elemental mercury, which is relatively mild; inorganic mercury, such as mercury chlorides, which primarily affect the kidneys; organo-mercurials, such as mercury salts in diuretics or fungicides, which convert to inorganic mercury; and short chain alkyl mercury compounds, of which methyl mercury is the most toxic [8] .
Acute symptoms are caused mainly by mercuric chloride or methyl mercury exposure. Chronic, lower level exposure may lead to specific symptoms or to subtle renal and nervous system problems.
Inhaled mercury has a different effect than ingested mercury, for which most symptoms are related to the gastrointestinal tract and the nervous system. Inhaling high levels of metallic mercury (in an industrial setting/dentist's office) can cause acute symptoms such as fever, chills, coughing, and chest pain. With low, long-term exposure, more subtle symptoms such as fatigue, headache, insomnia, nervousness, impaired judgment and coordination, emotional liability, and loss of sex drive, may be experienced. Ingested mercury may cause stomatitis and gastrointestinal inflammation, with nausea, vomiting, abdominal pain, and bloody diarrhea, progressing to neurological problems. These symptoms, which are often confused with psychogenic causes, are referred to a "micromercurialism" [9] .
Mild or early symptoms of mercury intoxication include fatigue, insomnia, irritability, anorexia, and loss of sex drive, headache, and forgetfulness or poor memory. This may lead to other nervous system symptoms such as dizziness, tremors in coordination, and depression; then progress to numbness and tingling, most commonly of the hands, feet, or lips; and to further weakness, worse memory and coordination, reduced hearing and speech paralysis and psychosis [10] . Mercury toxicity may be a factor in multiple sclerosis. Other problems of severe mercury intoxication are kidney and brain damage, as well as birth defects in pregnant women. Luckily, these symptoms are unusual.
However, the subtle and nervous system symptoms from chronic exposure may be more common than is realized [11] .
Mercury is a more significant pollutant than other heavy metals because of its complex environmental chemistry and extreme toxicity. While both the absorption and toxicity of mercury in biological systems vary with the chemical complex of the metal, environmental pathways can result in transmutations between different species of mercury. Mercury is most problematic when present in an organic compound such as the case with methyl or dimethyl mercury. Methyl mercury is formed from inorganic mercury by aquatic microorganisms and biomagnified in the aquatic food web. Because of the potential for methylation and bioaccumulation, even trace amounts of mercury deposited from the atmosphere to the surface waters remain a significant cause of concern across the United States and much of the rest of the world.
Metalloproteins are involved in the transport and detoxification of mercury [12, 13] . Mercury inhibits sulfur ligands, which inactivates metalloproteins that normally bind metal ions such as copper [14] . This allows the level of copper to reach toxic levels in many membranes. Exposure to mercury also results in changes in metalloprotein compounds that have genetic effects (both structural and catalytic) on gene expression [15] . Some of the processes affected by this control of gene expression include cellular respiration, metabolism, enzymatic processes, metal specific homeostasis, and adrenal stress response systems [16] .
Previous research has documented that mercury is cytotoxic. Its biochemical damage at the cellular level includes DNA damage, and inhibition of DNA and RNA synthesis [17] . Mercury also causes alterations in protein structure, alterations in calcium transport, along with the inhibition of glucose transport and enzyme function [18, 19] . It also interferes with essential nutrients by the replacement of essential minerals such as zinc at sites in enzymes. This is a part of the toxic effect of mercury that disables the enzymatic process.
A direct mechanism involving mercury's inhibition of cellular enzymatic processes by binding with the hydroxyl radical (SH) in amino acids appears to be a major part of the connection to allergic/immune reactive conditions [20] . Additional cellular level enzymatic effects of mercury binding with proteins include the blockage of sulfur oxidation processes [21] , enzymatic processes involving vitamins B6 and B12 [22] , effects on cytochrome-c energy processes [23] , along with mercury's adverse effect on the cellular mineral levels of calcium, magnesium, zinc, and lithium [24] .
Mercury has also been found to cause additional neurological immune system effects through immune/autoimmune reactions [25] .
Based on the chemical, biological, and environmental characteristics of the various forms of mercury, it has been established that inorganic mercury is the form most likely to pose a hazard in drinking water. A maximum contaminant level goal (MCLG) and maximum contaminant level (MCL) of 0.002 mg/L have been established for inorganic mercury [26] . The World Health Organization has developed a guideline of 0.001 mg/L for all forms of mercury in drinking water [27] . Inorganic mercury has also been evaluated for carcinogenic potential. Mercuric chloride has been classified by the U.S. Environmental Protection Agency (U.S. EPA) as a possible human carcinogen, Group C [28] .
Mercury has no known essential functions, though it was at one time used to treat syphilis, with some success. Mercury probably affects the inherent protein structure, which may interfere with functions relating to protein production. Mercury has a strong affinity for sulfhydryl, amine phosphoryl, and carboxyl groups, and inactivates a wide range of enzyme systems, as well as causing injury to cell membranes. However, none of mercury's specific body interactions are clearly defined, though the main problems seem to result from its attack on the nervous system. Mercury may also interfere with some functions of selenium, and can be an immunosuppressant [29, 30] . The majority of the studies associated with mercury until now have been designed from a toxicological approach, including the measurement of the concentrations of mercury in various tissues and organs. Obtaining an increased knowledge of biological indicators of mercury exposure would prove to be the key to understanding and determining the toxic mechanisms of this metal at the cellular level. Hence, this research was therefore designed to assess the cellular and molecular responses of human liver carcinoma cells following exposure to mercury.
Materials and Methods

Chemical and Growth Medium
Reference solution of mercury (10,000 µg/mL in 10% HNO 3 
Gene Profile and Cytotoxicity Assays
The mammalian gene profile assay (CAT-Tox) was performed for measuring differential gene expression in immortalized human liver cells. The parental cell line (HepG 2 ), and thirteen different recombinant constructs generated by creating stable transfectants of different mammalian promoterchloramphenicol acetyltransferase (CAT) were obtained from Xenometric Inc. (Boulder, CO). Each construct contained a unique stress gene promoter or response element fused to the CAT reporter gene. The parental HepG 2 cell line was dosed in the same manner as the recombinant cell lines, and was used to perform the MTT [3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide] -based cell viability assay using a microtiter plate reader (Bio-Tek Instruments, Inc.) with the wavelength set at 550 nm [34] .
Statistical Analysis
The transcriptional fold inductions for each recombinant cell line at each mercury concentration were calculated using the CAT-Tox computer software based on the optical density readings at 600 nm and 405 nm. The software also converted the 550 nm readings to cell viability percentages. Standard deviations were determined, and the Student's t-test values were computed to determine if there were significant differences in cell viability and gene induction in treated cells compared to the control cells.
Graphs were made to illustrate the dose response relationship with respect to cytotoxicity and gene expression.
Results
Cytotoxicity Assay
The effects of mercury on the viability of the parental HepG 2 cells are shown on Figure 1 . Data presented in this figure indicate a strong dose-response relationship with respect to the cytotoxicity of mercury. Upon 48 hours of exposure, the average percentages of cell viability were 100 ± 0%, 83.3 ± 12.0%, 79.3 ± 16.1%, 63.0 ± 11.9%, 9.3 ± 12.9, and 2.5 ± 1.1 in 0, 0.625, 1.25, 2.5, 5, and 10 µg/mL mercury, respectively (Figure 1 ). The LD 50 value for mercury was computed to be 3.5 ± 0.6 µg/mL upon 48 hours of exposure, indicating that mercury is highly toxic to the cells.
Gene Profile Assay
Data generated from the gene profile assay indicate that nine out of the thirteen recombinant cell lines tested showed inductions to statistically significantly levels (p < 0.05) (Figures 2 -10) . Figure 2 shows a biphasic response with respect to mercury induction of the glutathione-S-transferase promoter with an increase in fold inductions up to 2.5 µg/mL and a decrease at higher concentrations of The induction levels of HMTIIA in human liver carcinoma cells exposed to mercury are shown in 
Discussion
Cytotoxicity Assay
This study demonstrated that mercury was highly toxic to transformed human hepatocytes. Upon 48 hours of exposure, the concentration required to reduce cell viability by 50% (LC 50 ) was computed to be 3.5 ± 0.6 µg/mL. This result is in agreement with those of previous studies indicating the high degree of mercury toxicity to human liver carcinoma cells [35, 36] . A recent study by Tchounwou et al. [35] reported that mercury appears to be more toxic than cadmium to HepG 2 cells. Using HepG 2 cells at a test system, Tully et al. [37] conducted cytotoxicity experiments with various metal compounds including cadmium acetate, chromium (III) acetate, ammonium arsenate and lead nitrate dissolved in 1mM humic acid. For ammonium arsenate with a concentration range of 0 -250 µM the HepG 2 cells showed a nearly linear decrease in cell viability over the range of tested concentrations with viability decreasing from 100% in the control to 69% at the highest tested concentration (250 µM). Lead nitrate within a concentration range of 0 -100 µM had only a moderate effect on cell viability; decreasing cell viability to 84% at the highest tested concentration (100 µM). Cadmium acetate within a concentration range of 0 -15 µM produced a nearly linear decrease in cell viability down to 62% at the highest tested concentration (15 µM). Chromium (III) acetate within a concentration range of 0 -750 µM also produced a linear decrease in cell viability down to 62% at the highest tested concentration (750 µM). Potassium dichromate within a concentration range of 0 -10 µM, at doses nearly two orders of magnitude higher than those used for Chromium (III), the hexavalent chromium, caused a very sharp decrease in cell viability; down to 56% at the highest tested concentration (10 µM).
Olivieri et al. [38] found that mercury induced cytotoxicity in a concentration dependent manner from as little as 10 µg/L to as much as 5000 µg/L (the maximum concentration tested over a 24 hour period) in SHSY5Y neuroblastoma cells exposed to mercuric chloride. Shenker et al. [39] treated human lymphoid cells with methyl mercuric chloride and mercuric chloride, and found that both mercury species affected the mitochondrial activity by inducing the development of a membrane permeability transition. They also found that both species of mercury were capable of activating the caspase cascade in the apoptotic process. Tchounwou et al. [40] conducted cytotoxicity experiments with HepG 2 cells exposed to arsenic trioxide and found an LC 50 of 11.95 ± 2.61 µg/mL; indicating that mercury is much more toxic to HepG 2 cells than arsenic.
These studies clearly provides evidence that mercury is cytotoxic in a dose dependent manner, and that transformed human hepatocytes (HepG 2 cells) are viable candidates for the testing of heavy metal cytotoxicity, cell viability, and stress gene induction. Responses in cytotoxicity were clearly dose dependent.
The toxicity of mercury is primarily associated with the cationic state (Hg 2+ ), however absorption, tissue distribution, and biotransformations are all influenced by the valence state of the metal [41] .
Mercury salts pose a greater health hazard to humans via ingestion, than metallic mercury. Typically, fatalities range from ingestion of 1 to 4 grams of mercuric chloride, although some have occurred with as little as 0.5 gram [42] . Symptoms of acute intoxication occur in two phases. Phase I is characterized by burning pain in the chest, discoloration of the oral mucous membrane, severe gastrointestinal pain, vomiting, bloody diarrhea, metallic taste, salivation, tachycardia, weak pulse, tachypnea, pallor, prostration, possible shock, circulatory collapse and death. If the patient survives to the third day, Phase II signs including mercurial stomatitis -characterized by glossitis and ulcerative gingivitis, loosening of the teeth, jaw necrosis, proximal tubular necrosis, resulting in transient polyuria, hematuria, anuria, and renal acidosis will appear. Other effects may include dysentry, tenesmus, colonic ulceration, capillary damage, liver necrosis, occasional tremors, peripheral neuropathies or other neurological effects. Death may occur from minutes to weeks after exposure [43, 44] .
Gene Profile Assay
The induction levels of glutathione S-transferase in human liver carcinoma cells exposed to mercury are presented in Figure 2 . Data pictured in this figure shows a strong dose response relationship regarding GSTYa induction within the concentration range of 0 -2.5 µg/mL. Inorganic mercury compounds have been found to cause the depletion of glutathione in cultured mammalian cells. Exposure to inorganic mercury compounds have also resulted in a two to three fold up regulation of mRNA encoding for g-glutamylcysteine synthetase, which is the rate limiting enzyme in glutathione synthesis [45, 46] . Mercury has a high affinity for glutathione because it is cysteine rich and contains sulfhydryl groups. A single atom of mercury can bind to and cause the irreversible excretion of up to two glutathione tripeptides. Therefore, it has been demonstrated that mercury not only directly removes glutathione from the cell, but inhibits the activities of two key enzymes involved in glutathione metabolism; glutathione synthetase and glutathione reductase [47] . Figure 3 shows the induction levels of metallothionein in human liver carcinoma cells exposed to mercury. The data shows a strong dose response regarding metallothionein induction within the concentration range of 0 -2.5 µg/mL. This is expected, as it is an adaptive response to toxic metal exposure. Metallothioneins are a fascinating group of low molecular weight intracellular proteins that serve as a storage depot for copper, zinc, and "scavenge" sulfhydryl reactive metals (mercury) that enter cells. They are cysteine rich (approximately 30%) and have a higher affinity for mercury than zinc [48] . Therefore, as mercury binds to metallothioneins and is restricted from entering the mitochondria, zinc is released. The importance of metallothioneins in the protection of the cell is evident because they provide an increased binding capacity for both toxic metals such as mercury (protective), and essential metals such as zinc (functional). Also, it has been shown that mammalian cell lines with the highest level of metallothioneins survived exposure to toxic metals such as cadmium [49, 50] .
The induction levels of the 70-kDa heat shock protein (HSP70) in human liver carcinoma cells exposed to mercury are shown in Figure 4 . This data also shows a strong dose response regarding HSP70 induction within the concentration range of 0 -2.5 µg/mL. Heat shock proteins are expressed in response to conditions of environmental stress that include tissue damage, inflammation, oxidative stress, and mutated proteins associated with genetic abnormalities [51, 52] . These proteins act as molecular chaperones, playing essential roles in mediating protein folding, assembly, transport, and degradation [53, 54] . In cells exposed to hyperthermia, the induced synthesis of these proteins helps to prevent protein denaturation and aggregation, and to assist in the refolding and removal of damaged proteins. The induction of HSP70 indicates problems in protein synthesis, malfolding, and protein damage through mutations, all of which have been documented in the literature as mechanisms of inorganic mercury toxicity in mammalian cells [55] . The glucose-regulated protein (GRP78) is also activated by DNA damaging agents that cause mutations, and is clearly associated with genetic damage [56] . The induction levels of GRP78 in human liver carcinoma cells exposed to mercury are shown in Figure 9 . This data indicates a biphasic response with regards to GRP78 induction, and a strong dose response within the concentration range of 0 -2.5 µg/mL.
The induction levels of c-fos in human liver carcinoma cells exposed to mercury are shown in Figure 7 . This data also indicates a strong dose response regarding c-fos induction within the concentration range of 0 -2.5 µg/mL. This prototypical immediate early response gene is activated by a variety of stimuli, including activators of protein kinase-c [57, 58] , agents that increase intracellular cyclic AMP [59, 60] , membrane depolarization or excitatory neurotransmitters such as glutamate that triggers an increase in the intracellular levels of Ca +2 [61] , and peptide growth factors such as nerve growth factors (NGFs) that activate receptor tyrosine kinases [62, 63] . The induction of c-fos also indicates that mercury has the potential to induce cell proliferation [64] . The induction levels of the cAMP response element CRE in human liver carcinoma cells exposed to mercury are shown in Figure   10 . This promoter responds specifically to increased intracellular levels of cAMP [65] . The data shows a strong dose response within the concentration range of 0 -5 µg/mL, and a sharp drop at the 10µg/mL concentration.
Figures 5, 6, and 8 represent the induction levels of GADD153, GADD45, and p53RE in human liver carcinoma cells exposed to mercury. The 153-kDa growth arrest and DNA damage (GADD153) promoter responds to UV irradiation, X-rays, methyl methane sulfonate (MMS), n-methyl-nnitrosoguanidine (MNG) as well as calcium ionophores and other DNA-damaging agents [66, 67] .
The 45-kDa growth arrest and DNA damage (GADD45) promoter responds to methyl methane sulfonate (MMS), methyl-n-nitrosoguanidine (MNG), and calcium ionophores also [68] . The p53
response element also responds to DNA damaging agents [69, 70, 71] . The fold induction levels of p53RE in human liver carcinoma cells are shown in Figure 8 . This data also shows that while p53RE
is significantly induced, it also does not follow the pattern of a strong dose response regarding inductions or a biphasic response. No significant inductions were observed for CYP1A1, XRE, NFkBRE, and RARE.
Conclusions
Findings from this study indicate that (a): acute exposure to inorganic mercury significantly (p < 0.05) reduces the viability of human liver carcinoma (HepG 2 ) cells; and (b): subacute exposure to inorganic mercury transcriptionally activates nine (GSTYa, HMTIIA, c-fos, HSP70, CRE, p53RE, GADD153, GADD45, and GRP78) of the thirteen gene promoters evaluated in the gene profile assay.
These results indicate the potential of mercury to undergo Phase II biotransformation in the liver (GSTYa), to cause protein damage (HMTIIA, HSP70, and GRP78), cell proliferation (c-fos), metabolic perturbations (CRE), growth arrest and DNA damage (GADD45, GADD153), and apoptosis (p53RE). On the basis of these findings, it can also be concluded that metallothioneins and heat shock proteins, appear to be excellent candidates for detecting mercury induced proteotoxic effects at the cellular level.
